Cellular vanadium metabolism was studied in Saccharomyces cerevisiae by isolating and characterizing vanadate [V043-, V(V)]-resistant mutants. Vanadate growth inhibition was reversed by the removal of the vanadate from the medium, and vanadate resistance was found to be a recessive trait. Vanadate-resistant mutants isolated from glucose-grown cells were divided into five complementation classes containing more than one mutant. Among the vanadate-resistant mutants isolated in maltose medium, the majority of mutants were found in only two complementation groups. Three of the classes of vanadate-resistant mutants were resistant to 2.5 mM vanadate but sensitive to 5.0 mM vanadate in liquid media. Two classes of vanadate-resistant mutants were resistant to growth in media containing up to 5.0 mM vanadate. Electron spin resonance studies showed that representative strains of the vanadate-resistant complementation classes contained more cellassociated vanadyl [VO2+, V(IV)J than the parental strains. -5Vanadium nuclear magnetic resonance studies showed that one of the vanadate resonances previously associated with cell toxicity (G. R. Willsky, D. A. White, and B. C. McCabe, J. Biol. Chem. 259:13273-132812, 1984) did not accumulate in the resistant strains compared with the sensitive strain. The amount of vanadate remaining in the media after growth was larger for the sensitive strain than for the vanadate-resistant strains. AU of the strains were able to accumulate phosphate, vanadate, and vanadyl.
Oxyvanadium compounds are of great importance with respect to cellular physiology studies. Their chemistry involves a series of complex pH-and concentration-dependent equilibria. At a vanadium concentration of 10 ,uM (9 to 11), pH the predominant chemical structure of oxygenated vanadate [V(V)] is HV042-. At physiological pH (7.4) and vanadium concentrations above 0.1 mM, vanadate exists as metavanadate with a chemical structure of V40124-or V3093-; at vanadium concentrations below 0.01 mM, vanadate exists as H2V04- (5, 13) . Oxyvanadium compounds have been studied as inhibitors of cellular processes in cell extracts. For example, vanadate appears to be a transitionstate analog for the formation of the phosphoprotein intermediates involved in metabolic processes, e.g., acid and alkaline phosphatases, RNases, and plasma membrane ion pumps (9, 11, 19, 23) . Decavanadate (V100286-), a polymer of monomeric vanadate, inhibits certain enzymes such as phosphorylase a (31) , adenylate kinase, and phosphofructokinase (13) . In addition vanadate can act as an electron acceptor in cellular oxidation reduction reactions (5) . A vanadate-requiring NADH oxidase has been found in sugar beet microsomal membranes (7) .
Vanadate [V(V)] is converted to the paramagnetic vanadyl [VO2+, V(IV)] by cellular glutathione and catechols (10, 14, 24) . The addition of vanadate to whole-cell systems should result in the formation of intracellular vanadyl. The addition of vanadate to isolated whole-cell or tissue preparations or to cells growing in culture appears to have stimulatory effects on phosphate transport, mitogenesis, DNA synthesis, and other metabolic processes (5, 13, 16) . The stimulatory agent involved is believed to be the vanadyl ion.
Vanadium is a trace metal required for growth in rats (27) , algae, and chickens (5) . In addition, vanadium is present in mammalian tissues at concentrations between 10-and 10-6 M (9). These concentrations of vanadium are within the range which would cause inhibition of various enzymes, such as the Na+,K+-ATPase, in vivo. These facts raise the possibility that vanadium metabolism may be involved in natural metabolic control processes (30, 33) .
Since vanadate reversibly inhibits the growth of Saccharomyces cerevisiae, vanadium metabolism can be directly investigated by studying vanadate-resistant mutants. This report describes the isolation of vanadate-resistant mutants under conditions designed to optimize the number of alterations in vanadium metabolism. The vanadate-resistant mutants obtained from cells growing on glucose and maltose media were placed into five complementation groups containing more than one mutant. A preliminary characterization of vanadium metabolism and phosphate, vanadate, and vanadyl transport was carried out in strains representative of the five complementation classes obtained.
MATERIALS AND METHODS
Abbreviations. 51V NMR, vanadium nuclear magnetic resonance; ESR, electron spin resonance; EMS, ethane methanesulfonate.
Chemicals. Orthovanadate, metavanadate, and vanadyl sulfate were obtained from Fisher Scientific Co., Pittsburgh, Pa. Yeast nitrogen base was obtained from Difco Laboratories, Detroit, Mich. All other chemicals were of reagentgrade quality.
Strains and media. The strains used in this study are described in Table 1 . Cells were maintained on yeast extractpeptone-glucose (YPD) medium (29) . Yeast nitrogen base medium without amino acids (Difco) containing 2% dextrose or maltose and buffered with 100 mM Tris succinate (pH 6.0) was the defined medium used for all experiments. This commercially purchased medium contained 10 mM phosphate. For phosphate starvation experiments the same medium was prepared from the specific chemicals to allow phosphate to be the growth-limiting compound. Amino acids 4and bases were added to 200 ,ug/liter as needed. Vanadate solutions will turn yellow if the vanadate polymerizes to form decavanadate. Clear, colorless orthovanadate (Fisher) solutions were prepared in distilled water, filter sterilized separately, and then added to the defined medium. It was necessary to buffer the medium to neutralize the basic orthovanadate solutions. For solid media, 15 g of agar per liter was added to the two media described above. Single colonies of yeast cells were inoculated into liquid YPD medium (29) and grown overnight to the stationary phase. All growth was carried out at 30°C and monitored with a Klett spectrophotometer. A 1:50 dilution of the YPD culture into the defined minimal medium was made and grown overnight to the stationary phase. This culture was the basic stock culture and was saved for 2-week periods. Each experiment was started by making a 1:20 dilution of the stock culture into the defined liquid medium, which was incubated overnight at 30°C.
Mutagenesis procedure. EMS was chosen as the mutagen. Strains of opposite mating types with different amino acid requirements were mutagenized to facilitate the planned complementation analysis. Cells from an overnight culture were harvested and washed by centrifugation in 0.1 M phosphate (pH 8.0) and resuspended in 40 ml to approximately 2 x 109 cells per ml. The culture was divided into two portions, and 1.5% EMS was added to one portion and 3% EMS was added to the other. The cell suspensions were incubated without shaking for 1 h at 30°C, and EMS was removed by washing twice with sterile distilled water, using centrifugation to sediment the yeast cells. Cells were spread on defined medium plates without or with vanadate (2.5 or 5.0 mM). Vanadate-resistant mutants were obtained from the vanadate-containing plates after 2 to 5 days of growth and purified once on the same media to obtain single colonies. In experiments which used 1.5% EMS the survival rate varied from 0.3 to 76%; in the presence of 3% EMS the survival rate varied from 0.06 to 0.5%. The mutagenesis frequency for the appearance of vanadate-resistant mutants was approximately 1 x 10-4, ranging from 5 x 10-3 to 1 x 10-6 in individual experiments. The spontaneous appearance of vanadate-resistant mutants was usually less than 10-6. Complementation analysis. Complementation analysis was done by the velvet replica-plate technique (18) . Single colonies were streaked onto solid medium containing glucose and the necessary amino acids. All MATa strains were placed on one plate, and MATa strains were on a separate plate. After 1 day of growth, the strains were mated by replica plating onto the same medium to form a grid pattern.
After 2 days, the mating pattern was replica plated onto five plates of various solid media without amino acids. A control plate of defined medium without vanadate was used to ascertain if mating had occurred. Plates containing 2.5 to 4.0 mM vanadate were used to ascertain the vanadate growth response. After 2 days of growth, the plates were scored for the ability of the various strains to grow on vanadate. Growth of the diploid strain containing two vanadateresistant mutations will only occur on vanadate-containing plates if the two mutations are in the same complementation group. Lack of growth of the diploid on vanadate plates implies that the two mutations are in different complementation groups. Each mating plate was prepared twice, and every plate to be scored for the vanadate-resistant growth response contained two mating mixtures whose response to vanadate had previously been determined. If no mating had occurred the strain was not used for this study. Most resistant strains, including all the controls, grew on the 2.5 and 3.0 mM vanadate-containing plates, and the growth response was scored on the 3.5 and 4.0 mM vanadatecontaining plates. The vanadate-sensitivity of the diploid patches was not as great as that of the isolated single colonies of the haploid strains.
The vanadate concentration in the medium was determined by the spectroscopic assay of Priyadarshini and Tandon (26) using sodium orthovanadate as the standard as previously described (35) . Vanadate concentrations were determined with an orthovanadate standard curve (5 to 60 AM).
Vanadium accumulation studies. Radiolabeled 48VOC13 (in 1 N HCI; Amersham Corp., Arlington Heights, Ill.) was converted to Na348VO4 by dilution into Na3VO4, adjusting the pH to 8.0 with NaOH, and allowing the solution to remain at room temperature for 18 h (12). Stock solutions with specific activities of approximately 10 mCi/mmol were used for accumulation studies. The following procedure is a modification of cellular accumulation assays previously used in S. cerevisiae (6) and Escherichia coli (34) . Cells grown in yeast nitrogen base buffered medium with additional amino acids were resuspended in fresh medium and grown until a Klett turbidity reading of 100 to 200 units was reached. A 5-ml sample of cells was filtered on a membrane filter (type HA, 0.45-,um pore size; Millipore Corp., Bedford, Mass.), washed once, and resuspended in medium with the addition of 12 ,ug of cycloheximide per ml. Cycloheximide was added to stop protein synthesis to ensure that the accumulated vanadium was not being incorporated into metabolic products. The suspension was incubated at 30°C with aeration for 5 min before the addition of the radiolabeled vanadium compound. At suitable intervals 0.5-ml samples were collected on membrane filters and washed with 50 ml of medium containing 0.1% unlabeled vanadate or vanadyl. For each vanadium compound, radioactivity was determined as total 48V with a Packard gamma counter. A sample of cell suspension was taken, and total cellular protein was determined by the method of Stewart (32) .
Phosphate accumulation studies. The same procedure outlined above for vanadium accumulation studies was followed for phosphate accumulation studies with the following mod- stasis but not cell death at the concentrations used in these experiments (Fig. 1) . If cells in vanadate-containing medium, were washed, harvested, and resuspended in fresh medium without vanadate, growth resumed within one generation time. Yeast cells survived exposure to vanadate-containing medium for all periods tested (up to 26 h).
Vanadate-resistant mutants were selected in highphosphate media with EMS as the mutagen. Cells were grown in both glucose and maltose media. A total of 126 mutants were isolated from glucose-grown cells, while 171 mutants were isolated from maltose-grown cells. Five complementation groups were found which contained more than one mutant ( Table 2 Figure 2 shows the growth properties of four classes of vanadate-resistant mutants in vanadate-containing media. Classes 1, 2, and 3 were resistant to 2.5 mM vanadate in liquid ,media but still sensitive to 5.0 mM vanadate. The class 4 mutants were resistant to both 2.5 and 5.0 mM vanadate in the growth media. The vanadate response of the class 5 mutants was similar to that of the class 4 mutants.
Vanadium metabolism in vanadate-resistant mutants of S.
cerevisiae. Spectroscopic techniques were used to compare vanadium metabolism in representative mutant strains and the parental strain. Figure 3 shows representative ESR spectra which monitor the amount of medium-and cellassociated vanadyl [VO2+, V(IV)] after exposure of cells to 5 mM vanadate [V042-, V(V)]. In these experiments 25 ,uM vanadate was the lowest concentration of vanadyl which could be reproducibly detected. These data show that the parental strain did not have as much cell-associated vanadyl as the class 1 mutant (Fig. 3a and b ). In these experiments there was not a significant amount of vanadyl detected in the media after growth ( Fig. 3c and d) . Representative 51V NMR spectra for the same cell and medium samples used in Fig. 3 tively) were due to the presence of decavanadate (V100286-). The parental strain accumulated more of the compounds responsible for resonance E (-561 ppm) and F (-577 ppm) in the cell sample than did the mutant strain. Resonance E has been associated with vanadium toxicity in S. cerevisiae (35) . In these experiments 200 ,uM was the lowest amount of vanadium that could be detected. The parental strain contains millimolar amounts of resonance E as estimated from the cell pellet volume and the quantitation of orthovanadate concentrations of standard samples. Media from the parental strain samples contained more of the major metavanadate resonance than those from the mutant strain ( Fig. 4c and d) .
Spectra similar to those shown in Fig. 3 and 4 were obtained by using representatives of all of the mutant classes of vanadate-resistant mutants. These data are summarized in Table 3 . The results of these experiments show that the trends illustrated above for a class 1 mutant (Fig. 3 and 4) are also seen with the representatives of the other vanadateresistant classes.
Biochemical characterization of vanadate-resistant mutants in S. cerevisiae. All the vanadate-resistant mutants found in Neurospora crassa were altered in the ability to transport Pi (2, 3) . Therefore, representatives of the various classes of vanadate-resistant mutants were analyzed for their ability to transport Pi in both high-phosphate medium after 20 h of phosphate starvation (Table 4) . None of the representative classes of vanadate-resistant mutants from S. cerevisiae had a significantly altered ability to transport phosphate in either high-phosphate medium or after phosphate starvation. The ability of these strains to accumulate vanadate [V(V)] or vanadyl [V(IV)] during growth in high-phosphate medium was not significantly altered ( Table 4 ). The amount of vanadate remaining in the medium after exposure of both the vanadate-resistant and parental strains to vanadate in the growth medium was determined. The data in Table 4 indicate that slightly less vanadate remained in the medium after growth of the vanadate-resistant strains, but this difference was not significant in all cases.
DISCUSSION
The results described in this paper demonstrate that vanadate-resistant mutants isolated from S. cerevisiae in high-phosphate medium can be divided into five complementation groups containing more than one mutant. All of the mutants appeared to be altered in the metabolism of vanadium as previously characterized in the parental strain (35) . After growth in vanadate-containing medium the vanadateresistant mutants appear to have more cell-associated vanadyl as detected by ESR studies (Fig. 3) , less orthovanadate remaining in the medium detected by chemical assay (Table 4) , and less of a cell-associated 51V NMR resonance (Fig. 4) previously correlated with vanadate cell toxicity (35) attributed to the inability to transport vanadate or vanadyl into.the cell.
Our 51V NMR observations concerning cell-associated vanadate compounds help to explain the mechanism of vanadate resistance in S. cerevisiae. Many enzymes such as acid and alkaline phosphatases, RNases, and plasma membrane proton pumps have been shown to act via a reaction mechanism involving a vanadate-sensitive phosphoprotein intermediate (9) . Monomeric vanadate (VO43-) is believed to act by binding to certain enzymes and forming a transitionstate analog of the step leading to the formation of the phosphoprotein intermediate involved in the enzymatic mechanism (23) . Alterations in the structure of a single such vanadate-sensitive enzyme, rendering it vanadate insensitive, are not likely to cause all vanadate-sensitive cellular reactions to become vanadate resistant. The results reported Cells mV(Z) VI Parental here provide experimental evidence that vanadate resistance in S. cerevisiae is mediated via a mechanism which alters the cellular accumulation of a toxic form of vanadate.
The ability to transport phosphate in both high-athd low-phosphate media is not lost in representative strains of the vanadate-resistant complementation classes in S. cerevisiae. This result contrasts with results obtained in the N. crassa system, in which all of the vanadate-resistant mutants isolated were altered in the high-affinity phosphate transport system (2, 3) . In N. crassa both vanadate and phosphate enter the cell through a single high-affinity phosphate transport system under conditions of low phosphate. However, in S. cerevisiae there are two high-affinity phosphate transport systems induced by phosphate starvation: a protonphosphate cotransport system with a Km of about 10 ,uM and a sodium-phosphate cotransport system with a Km of about a 51 V NMR spectra were obtained as described in the legend to Fig. 4 . The area under each peak was determined with an Apple computer graphics tablet. The average area ± the standard deviation is given in arbitrary units.
b ESR spectra were obtained as described in the legend to Fig. 3 The metabolism of glucose and maltose would be expected to be similar due to these carbohydrates having similar structures. In fact, the synthesis and activity of many enzymes in S. cerevisiae are decreased by growth on glucose or a carbon source of similar structure, such as maltose (21) . However, there are differences in the overall cellular metabolism of the two carbohydrates. Growth on maltose induces the biosynthesis of the proteins required for maltose utilization, while growth on glucose inhibits the production of these proteins (17) . In addition, maltose is cotransported into the cell with protons, while glucose is not (28) . It is tempting to speculate that the differences in distribution of the types of vanadate-resistant mutants obtained with growth on glucose and maltose as carbon sources are related to the fact that maltose uptake is linked to a proton gradient thought to be maintained by the vanadate-sensitive plasma membrane Mg2' ATPase in yeast.
The inhibitory effects of vanadium compounds on metabolic processes is not straightforward. Recently, North and Post (25) demonstrated that vanadyl [VO2+, V(IV)] also inhibits Na+,K+-ATPase. In addition, decavanadate inhibits phosphorylase a, adenylate kinase, and phosphofructokinase (5, 31) . These inhibitions are probably caused via a mechahism different from the transition-state analog hypothesis and should be considered in any general model of the effects of vanadium on cellular metabolism.
The results described in this study imply that at least five components (enzymes, cofactors, etc.) are involved in vanadium metabolism in yeast. Under our growth conditions compounds which have been correlated with cell toxicity accumulate intracellularly (35) . The S. cerevisiae mutants isolated in these experiments do not accumulate the putative cytotoxic vanadate compounds. Apparently the normal functioning of all of the five putative genetic loci represented by the five vanadate-resistant complementation groups is required for the accumulation of these compounds.
